Ross AC, Cifelli CJ, Zolfaghari R, Li N-Q. Multiple cytochrome P-450 genes are concomitantly regulated by vitamin A under steadystate conditions and by retinoic acid during hepatic first-pass metabolism.
logical but probably indirect manner (1, 3) . Overall, RA is important in many biological processes including cell fate determination, renewal, maturation, cell-cell interactions, embryogenesis, and metabolic regulation (1, 3) .
It is well understood that vitamin A status in humans ranges widely as a result of differences in dietary intake (47) . However, there is relatively little information on the patterns of retinoid homeostatic genes that are associated with these nutritional-physiological states. Currently, there is interest in using biochemical and molecular data from dietary studies in risk assessment models to examine dose response and thresholds (19) , and vitamin A has been considered an exemplary nutrient for such an analysis (44) . Retinoid homeostasis is understood to be complex, consisting of processes that include the reversible removal of excess dietary retinol into storage as retinyl esters, catalyzed by lecithin:retinol acyltransferase (LRAT); the transport of retinol in plasma by retinol-binding protein (RBP)4; the dynamic recycling of retinol between plasma, liver, and extrahepatic organs (7) ; the production of bioactive retinoids (30) ; and the irreversible degradation of retinol and RA when they are present in excess (8, 24) . The liver is a central player in vitamin A homeostasis, including retinol esterification, uptake of plasma retinol bound to RBP4 and of RA bound to albumin, and oxidation of RA to polar compounds that mostly are excreted in bile (45) . However, it is still not well understood how hepatic RA metabolism is modulated in response to variations in dietary vitamin A intake and after treatment with RA. We previously reported (8, 9) that the conversion of RA to polar metabolites is increased in the liver of rats fed a high-vitamin A diet and after treatment with RA. Retinoid catabolism is also induced when RA is administered at pharmacological levels (41, 55, 64) . Currently, evidence suggests that multiple cytochrome P-450 (CYP) genes may play a role in RA oxidation, including CYP26A1 and CYP26B1 encoding RA-4-hydroxylase activity (6, 24, 52) . Recently we reported (36) that genes of the CYP2C family (CYP2C22 in the rat and CYP2C8 and CYP2C9 in human hepatocytes) respond directly to RA. Although the CYP2C family is better known for metabolizing polyunsaturated fatty acids, drugs, and xenobiotics (4, 17, 54) , the CYP2C family may also facilitate the oxidation of RA (2, 14, 25, 26, 28, 34, 62) . It is unknown whether the response of multiple retinoid homeostatic genes in the liver occurs coordinately and in a well-correlated manner. The aim of the present study was to determine the responses at the gene transcript level of several retinoid homeostatic genes over a wide range of steady-state dietary conditions and after acute treatment with RA. These genes include LRAT, CYP26A1 as the putative major regulator of RA oxidation (32, 53, 59, 63) , CYP26B1, and CYP2C22, as well as the transport protein RBP4. Our results provide evidence for the concomitant and significantly correlated regulation of multiple retinoid homeostatic genes in the liver, while showing that CYP26A1 is the most dynamically regulated of the retinoid-metabolizing CYP genes and that the induction of its expression can be "primed" by prior exposure to RA. We also provide evidence for the cellular location of the CYP26A1 transcript in the liver because, first, it plays a central role in RA catabolism during normal homeostasis (52, 53) and, second, CYP26A1 is believed to be the major contributor to retinoid tolerance when RA is used therapeutically (35) . Thus understanding its localization may facilitate studies to target CYP26A1 for inhibition.
MATERIALS AND METHODS
Rats, diets, and experimental treatments. All procedures for animal care and use were approved by the Institutional Animal Care and Use Committee of Pennsylvania State University. Rats were housed in a room maintained at 22°C with a 12:12-h dark-light cycle, and food and water were freely available. For the study of steady-state vitamin A status (experiment 1) and RA administration (experiment 2), lactating female Sprague-Dawley rats with 12 female pups (purchased from Charles River Laboratories, Wilmington, MA) were fed a vitamin A-deficient purified diet [AIN-93G diet (37) , prepared by Research Diets, New Brunswick, NJ] to reduce the transfer of vitamin A in milk from mother to pups before the start of the study. In experiment 1, the offspring were fed from weaning the same diet modified to contain vitamin A at one of four levels: 0 (vitamin A deficient; n ϭ 16), 0.4 mg retinol/kg diet (vitamin A marginal; n ϭ 4), 4 mg retinol/kg (vitamin A adequate control; n ϭ 4), or 100 mg retinol/kg (vitamin A supplemented; n ϭ 4). All rats were studied at 8 wk of age. Rats were euthanized by carbon dioxide asphyxiation, and blood and liver were collected rapidly and frozen in liquid nitrogen for storage at Ϫ80°C before analysis (8, 66) . Plasma total retinol was analyzed by HPLC after saponification (9) . In experiment 2 (16-h RA kinetic study), 16 female vitamin A-deficient rats were treated with ϳ100 g of all-trans-RA (59) for times of 0 (vehicle only), 3, 6, 10, or 16 h (n ϭ 3 or 4/group). Tissues were collected and RNA was prepared in the same manner as in experiment 1. For experiment 3 (90-min "first-pass" kinetic study), 23 female rats were purchased at 6 wk of age and fed a stock rodent diet. When rats were 8 wk old they were randomly assigned to either a control (naive) group (n ϭ 11, experiments 3 and 4) or an RA-primed group (n ϭ 12, experiment 4). Rats in the RA-primed group received an oral dose of 500 g of all-trans-RA in ϳ30 l of vehicle (vegetable oil-5% ethanol), whereas rats in the naive group received an equal amount of vehicle only. Food was removed immediately. Sixteen hours after priming, each rat was lightly anesthetized by isoflurane-oxygen inhalation and treated with ϳ20 g all-trans-RA bound to albumin (10 g RA per 100 g body wt, similar to Refs. 8, 9) injected into the exposed left common iliac vein (8, 9) . The incision was closed with a surgical staple. The rats were allowed to recover from the anesthesia. Rats were killed at 0 min (vehicle injection) and 30, 60, and 90 min (n ϭ 3/group) after injection of the RA test dose. Blood and liver tissue were collected as in experiments 1 and 2.
RNA preparation and analysis. In the present work, we used an array procedure as a multiplex analytical tool to compare the expression of the genes of main interest: CYP26A1 (154985, 1387583_ at); CYP26B1 (312495, 1384392_at); CYP2C22 [also referred to as CYP2C70 (171518, 1387949_at)]; LRAT (64047, 1368570_at); RAR␤ (24706, 1376755_at); POR (NADPH oxidoreductase) (29441, NM_031576); RBP4 (plasma retinol-binding protein) (25703, 1371762_at) (50), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (24383, 1367557_s_at) as a housekeeping gene. Array data have been deposited with NCBI Gene Expression Omnibus (GEO; http:// www.ncbi.nlm.nih.gov/geo) as accession number GSE24104.
RNA was prepared from each individual rat liver by TRIzol extraction followed by repurification on an RNeasy column (Qiagen, Valencia, CA), checked for quality by an A 260-to-A280 ratio Ͼ 1.64, quantified, and diluted to 0.2 g/ml (66). Ten microliters each was shipped on dry ice to the National Cancer Institute (NCI) Microarray Facility (Frederick, MD). The RNA samples from the various treatment groups were coded before shipment so that samples analyzed together would represent different treatment groups. cDNA targets for the Affymetrix RAE230_2 arrays were synthesized, labeled, purified, and prepared for analysis as we have described previously (33) . The arrays were hybridized overnight at 45°C, washed and stained with streptavidin-phycoerythrin, and scanned at 488 nm and 11-m resolution. Data were acquired with Genechip Operating Software (GCOS, Affymetrix) and uploaded onto the NCI website mAdb (http://nciarray.nci.nih.gov/). Data from experiments 1-3 above were analyzed in our laboratory by setting the signal floor value to 1 and centering each array to the median signal intensity. The results were expressed as log2-transformed signal intensities, and the log2 of the median intensity for each array was set to 0. For experiment 4, RNA samples were analyzed by quantitative real-time RT-PCR (qRT-PCR) using a final volume of 25 l of PCR product (Real Time PCR iQ SYBR Green Supermix system, Bio-Rad) and a DNA Engine Opticon 2 System (MJ Research), and 18S RNA or GAPDH was analyzed as an internal control (33) .
Plasmid DNA for preparation of RNA probes. Rat CYP26A1 cDNA covering from nucleotide number 300 to the end of the 3= end (insert size was ϳ1,500 bp based on accession no. AF439720) in pGEM-T Easy vector (Promega) was cut with EcoRI, blunt ended, and subcloned into the SmaI site of pGEM-4 vector. A pGEM4-rCYP26A1 clone was then linearized with EcoRI or HindIII and used as a template to synthesize antisense or sense RNA probes with T7 or SP6 RNA polymerase, respectively. The rat RBP4 cDNA (548 bp) in pGEM4 vector (51) was linearized with either NarI or HindIII and used as the template to synthesize antisense or sense RNA probe by T7 or SP6 RNA polymerase, respectively. The BglI fragment (1,200 bp) of pRbA-1 containing the full rat ␤-actin cDNA (15, 31) was subcloned into pGEM3 vector, which was then linearized with either HindIII or EcoRI and used as template to synthesize antisense or sense RNA probe with either SP6 or T7 RNA polymerase, respectively. For ␣-smooth muscle actin (␣-SMA) probe, the first-strand cDNA was first synthesized from total RNA of HSC-T6 rat stellate cells (58) and then used as the template to amplify rat ␣-SMA (NCBI accession no. NM_031004) by PCR in a reaction buffer containing GCTCTGGT-GTGTGACAATGG as the sense primer and GACAGGCCAGGG-CTAGAAG as the antisense primer with High Fidelity AccuePrime Taq DNA polymerase (Invitrogen) according to the protocol recommended by the manufacturer. The amplified DNA was purified by agarose gel electrophoresis and then cloned in pGEM-T Easy vector (Promega). The ␣-SMA cDNA was cut with EcoRI and then subcloned into pGEM-4 as described above. pGEM-4-r␣-SMA was cut with either EcoRI or XbaI to linearize and then use T7 or SP6 to synthesize sense or antisense riboprobe, respectively. For each probe, a digoxigenin (DIG)-labeled sense or antisense RNA riboprobe was prepared with the DIG RNA Labeling Kit in a reaction with ribonucleotides including DIG-UTP (Roche Biotechnology). The labeled RNA was isolated, checked for size by ethidium bromide-stained agarose gel electrophoresis, and then treated in alkaline solution to prepare 100-to 150-base polynucleotide lengths as probe (18) .
In situ hybridization. Liver sections, 5-10 m in thickness, were cut from frozen liver tissue blocks at Ϫ20°C, mounted on electrostatically charged slides (Fisher Scientific, Pittsburgh, PA), and then dried at 40°C for 5 min before storage at Ϫ80°C prior to use. For hybridization, the slides were first dipped into acetone for 5 min, dried, and then fixed with 4% paraformaldehyde in PBS as described previously (11) . After prehybridization in 50% formamide at 60°C for 10 min, each slide was covered with 150 l of hybridization solution containing 50% formamide, 10% dextran sulfate, and 1ϫ Denhardt's solution with 50 ng of DIG-labeled riboprobe and hybridized at 42°C overnight (18) . As previously described (36) , the slides were washed, blocked, incubated with alkaline phosphatase-conjugated anti-DIG antibody in blocking buffer, and then washed and incubated with 5-bromo-4-chloro-3-indolyl phosphate (BCIP)-nitro blue tetrazolium (NBT) as synthetic substrate for alkaline phosphatase (Roche Biotechnology), with levamisole overnight. The slides were rinsed in Tris-EDTA (TE) buffer for at least 5 min, dried, and then evaluated under a digital color microscope in the Center for Quantitative Cell Analysis at Pennsylvania State University.
Enzyme assay. Retinoic acid metabolizing activity was measured as described by Yamamoto et al. (64), with 200 g of microsomal protein incubated with 45 nM 11,12-[ 3 H(N)]retinoic acid (specific activity 1.96 TBq/nmol; PerkinElmer, Boston, MA) in 0.25 ml of buffer (pH 7.4) and an NADPH regenerating system (2.5 U glucose-6-phosphate dehydrogenase, 500 nmol NADP, and 0.5 mol glucose-6-phosphate per incubation). The reaction was initiated by adding the [ 3 H]RA, incubated at 37°C for 50 min, and terminated by the addition of 5 ml of chloroform-methanol (2:1, vol/vol). Solid-phase extraction on Supelclean LC-18 SPE columns (Supelco, Bellefonte, PA) was used to separate the parent compound, [ 3 H]RA, from its oxidation products (8) , with all-trans and 4-oxo-RA as standards to monitor separation, and fractions were dried and analyzed by liquid scintillation spectrometry.
Statistics. Effects on gene expression of diet and time after treatment (experiments 1-3) were compared by one-way ANOVA on log2-transformed data. Experiment 4 (naive vs. RA-primed rats) was analyzed by two-way ANOVA. Differences between treatment groups were determined by least significant difference test (SuperAnova, Abacus Concepts). Linear regression analysis was performed with log2-transformed gene expression values or log10-transformed liver total retinol concentrations, except for enzyme assay results. For post hoc tests, P Ͻ 0.05 was considered significant.
RESULTS

Steady-state dietary vitamin A regulates multiple hepatic
CYPs, LRAT, and RAR␤. Conditions were established to produce a wide range of vitamin A status in growing, healthy animals. To validate our dietary study, we first assessed liver vitamin A as the major indicator of vitamin A status (47) . Liver total retinol differed among all of the groups (Fig. 1A) , with vitamin A deficient ϽϽ marginal Ͻ adequate (defined as the reference group) ϽϽ supplemented (P Ͻ 0.01 between all groups). The liver of vitamin A-deficient rats had only 0.0035 times the concentration present in the vitamin A-adequate rats, while vitamin A-supplemented rats had 40.8 times more. Body weights did not differ (data not shown). Plasma total retinol exhibited more modest differences, as expected, with low retinol in the vitamin A-deficient rats (Ͻ0.2 M, P Ͻ 0.05 vs. vitamin A-adequate rats). However, retinol was normal (Ͼ1 M) in the vitamin A-marginal rats (Fig. 1B) , indicating that their remaining liver vitamin A was still being mobilized to maintain plasma retinol. Plasma retinol was ϳ30% higher in vitamin A-supplemented rats compared with the vitamin A-adequate control group but still within the normal range. Thus the dietary conditions employed in this study resulted in a wide range of vitamin A status that models that found in human populations (47) .
To compare hepatic gene expression, signal intensities for the genes of interest were transformed (log2 values), where the average intensity for each gene array is represented by a value of 0. The mean value for vitamin A-adequate rats was normalized to 1.00, and the relative values for the other diet groups were calculated compared to this reference group. Vitamin A status regulated the levels of several genes considered central to retinoid homeostasis. CYP26A1 (Fig. 1C) exhibited graded expression over a wide range of nearly 100-fold, as the relative expression was reduced to 0.23 in vitamin A-deficient rats and elevated 20.8 times in vitamin A-supplemented rats, both compared with the reference group. CYP26B1 (Fig. 1D ) also exhibited graded expression, with lower expression in vitamin A-deficient and vitamin A-marginal rats compared with both vitamin A-adequate and -supplemented rats. However, the range of expression for CYP26B1 was less than for CYP26A1. CYP2C22 (Fig. 1E ) was much higher than for either CYP26A1 or CYP26B1 in terms of log2 signal intensity, but nevertheless the relative expression of CYP2C22 was significantly reduced in the vitamin A-deficient group (0.034 times the reference level) and differed between vitamin-A marginal and -supplemented rats. Thus the range for this gene was also large, ϳ70-fold between deficient and supplemented groups. LRAT (Fig. 1F ) also exhibited graded expression with vitamin A intake, with a significant reduction in the vitamin A-deficient group and a modest elevation in the vitamin A-supplemented group. For RAR␤ (Fig. 1G) , only the vitamin A-deficient group differed from other groups. GAPDH (Fig. 1H ), monitored as a housekeeping gene, remained steady across all dietary treatments.
To further assess the relationship between vitamin A status and the expression of CYP26A1, CYP26B1, CYP2C22, LRAT, and RAR␤ in liver, linear regression analysis was performed with liver total retinol (log10) as the independent variable. The correlations were highest for CYP26A1 ( Fig. 2A) and CYP26B1 (Fig. 2B ) (both R ϭ 0.76, P Ͻ 0.0001); however, liver total retinol was also significantly correlated with the level of CYP2C22, LRAT, and RAR␤ mRNAs (Fig.  2 , C-E, all P Ͻ 0.005). Liver total retinol was not correlated with the housekeeping gene, GAPDH. Intergene correlation analysis between individual pairs of genes was also performed ( Table 1 ). The transcript levels of all of these genes were strongly correlated, with the highest correlation coefficient between LRAT and CYP2C22 (R ϭ 0.92, P Ͻ 0.0001).
RA transiently induces multiple retinoid metabolic genes in vitamin A-deficient rats. We assessed the kinetics of the response to exogenous RA in vitamin A-deficient rats chosen because they could produce very little RA endogenously. Each rat was treated with a single oral dose of RA, and gene expression was determined in animals killed over the next 16 h. Because the half-life for all-trans-RA had been shown to be ϳ1.5 h in rats administered RA orally (12) , essentially all of the RA that was administered can be expected to have been metabolized in the earlier part of the 16-h time course. CYP26A1 expression was increased significantly by 3 h after RA (⌬log2 signal intensity Ͼ 2 6 ), peaked at 6 h, and then declined by 16 h (Fig. 3A) . CYP26B1 (Fig. 3B) increased with similar kinetics, but the fold increase was not as great as for CYP26A1. CYP2C22 expression started at a much higher value, similar to Fig. 1 , yet it also increased very rapidly (⌬log2 Ͼ 2 5 in 3 h) (Fig. 3C) , while in contrast to CYP26A1 and CYP26B1, the elevation in CYP2C22 was sustained to the end of the 16-h study, suggesting that this mRNA, once induced by RA, is relatively stable. We also noted that POR (NADPH oxidoreductase) was moderately induced by RA (Fig.  3D) . The increase in POR, an electron donor to all CYP enzymes, concomitantly with CYP26A1, CYP26B1, and CYP2C22 suggests the possibility that increased POR activity could cooperate in increasing CYP-mediated enzymatic activity in the liver after treatment with RA, as a previous study reported that mouse embryos lacking POR exhibited impaired RA signaling (39) .
Concomitantly with increases in genes capable of RA oxidation, LRAT mRNA increased by 3 h and remained somewhat elevated up to 16 h (Fig. 3E) . RAR␤ is considered a model of autoregulation through ligand-dependent nuclear receptor-mediated activation of the RARE in its promoter (10, 16) . RAR␤ exhibited a rapid increase in 3 h that, however, was transient, with a return to initial intensity at 16 h (Fig. 3F) . Overall, these data indicate that the capacity for RA oxidation can be upregulated very quickly, even in animals lacking stores of vitamin A, consistent with previous findings for [ 3 Data are means Ϯ SE for each group; n ϭ 5, 7, 6, and 2 rats, respectively. Differences between groups, P Ͻ 0.05, were determined by least significance difference test when the ANOVA value was P Ͻ 0.001 or lower. CYP, cytochrome P-450; LRAT, lecithin:retinol acyltransferase; RAR, retinoic acid receptor.
ports the regulation of the LRAT gene by RA itself, which, in circumstances where vitamin A is available from the diet, would be produced endogenously by the oxidation of retinol.
Retinoid metabolic genes are induced under conditions of first-pass RA metabolism. To further test the regulation of these genes by RA, we conducted experiment 3, in which gene expression was determined over a 90-min time study designed to resemble hepatic first-pass metabolism of RA. Previous research had shown that when RA was injected intravenously Ͼ90% was removed from the circulation within 3-5 min (8, 21) , indicative of first-pass clearance. Under these conditions over one-fourth of the intravenously injected [ 3 H]RA was taken up by the liver (8, 9, 21) . Therefore, we asked whether RA induces very early changes in the expression of genes involved in retinoid metabolism, covering the period of time immediately after the hepatic uptake of RA. Vitamin A-adequate rats were treated with a single small test dose of RA, 20 g/200 g rat, delivered intravenously bound to albumin, its physiological carrier, and liver was rapidly collected at t ϭ 0 (mock dose) and at 30, 60, and 90 min after RA administration. For CYP26A1, CYP26B1, and CYP2C22 (Fig. 4 , A-C) each transcript level increased significantly (P Ͻ 0.05), even at 30 min, and expression continued to increase up to the end of the 90-min study. The expression of POR also increased, but this was significant only at 90 min (P Ͻ 0.05, Fig. 4D ). At the same time that the expression of genes implicated in RA oxidation increased, LRAT also increased significantly and with similar kinetics (Fig. 4E) . By comparison, the expression of RAR␤ did not increase significantly until 90 min (Fig. 4F) . RBP4 expression remained constant (Fig. 4G) , as did GAPDH measured as a housekeeping gene (Fig. 4H) . Thus in the liver of vitamin A-adequate rats the genes for CYP26A1, CYP26B1, CYP2C22, as well as LRAT, were all rapidly regulated by RA under conditions of first-pass hepatic metabolism, even more quickly than RAR␤.
Oral priming with RA accelerates hepatic CYP26A1 response to RA but does not alter its magnitude. Previous reports indicate that patients treated with all-trans-RA often become refractory to further treatment with RA; however, the basis for this lack of therapeutic response is only beginning to become understood (27, 35) . To explore whether prior treatment with RA modifies the response of CYP26A1 to RA, we tested whether priming with a large (500 g) oral dose of RA would accelerate the response of CYP26A1 to a subsequent 20-g test dose. CYP26A1 mRNA levels were compared between naive rats and RA-primed rats by qRT-PCR. At t ϭ 0 (16 h after priming dose and before iv injection of 20 g RA), CYP26A1 mRNA was 60-fold higher in the liver of RAprimed rats compared with naive rats pretreated with oil as a vehicle (Fig. 5A) . After administration of the 20-g RA test 
Table 1. Correlation matrix of CYP26A1, CYP26B1, CYP2C22, LRAT, and RAR␤ genes in steady state in liver of vitamin A-deficient, -marginal, -adequate, and -supplemented rats
Data shown are R, R 2 , and P values for regression using log2 values, from n ϭ 20 rats in experiment 1. CYP, cytochrome P-450; LRAT, lecithin:retinol acyltransferase; RAR␤, retinoic acid receptor ␤.
dose, CYP26A1 mRNA increased significantly in both the naive rats and the RA-primed rats. Notably, the rate of increase in CYP26A1 expression, as determined by the slope of the response line from 30 to 60 min in naive rats, was nearly identical to the slope from 0 to 30 min in RA-primed rats. Similarly, the slope of the line from 60 to 90 min in naive rats was nearly identical to the slope from 30 to 60 min in RA-primed rats. Therefore, the initial 0 -30 min response of CYP26A1 mRNA in the RA-primed rats occurred more rapidly and without a lag time, compared with the initial response in naive rats. By left-shifting the curve for the naive rats by ϳ40 min, the two curves were nearly superimposable. Thus, even though the first-pass response of the naive rats to the 20-g RA test dose was significant after 30 min, the response lagged ϳ40 min behind that of RA-primed naive rats given the same dose of RA.
RA-metabolizing activity was also increased in response to intravenous RA in both naive and RA-primed rats. At t ϭ 0, microsomal [ 3 H]RA-metabolizing activity was approximately three times greater in the RA-primed rats than in the naive rats (Fig. 5B) , and the amount of [ 3 H]metabolites increased over the time of treatment in vivo in both the naive and RA-primed rats. Although the differences at each time were not statistically significant, the average formation of [ 3 H]metabolites from [ 3 H]RA was greater in the RA-primed rats than in the naive rats at each of the time points after injection. The increase in [ 3 H]metabolite production was linear in both the naive (R 2 ϭ 0.96) and RA-primed (R 2 ϭ 0.77) rats. Furthermore, the rate of [ 3 H]metabolite formation, as determined by the slope of the line, was similar in both groups.
CYP26A1 mRNA transcript is expressed in hepatocytes in adult rats. Liver consists of several cell types, of which hepatocytes constitute ϳ80% of parenchyma (48) . Whereas vitamin A is metabolized and secreted as retinol from hepatocytes, it is stored in lipid droplets as retinyl esters, mainly in hepatic stellate cells (42), which constitute not more than 2% cell mass in the liver (48) . Previously, we showed (36) that CYP2C22 is synthesized in the hepatocytes and that its mRNA transcript is detectable in the hepatocytes of vitamin A-adequate adult rats and increased in those cells when the rats are treated with RA. LRAT, on the other hand, is expressed in stellate cells as well as endothelial cells of the adult rat liver (29) . As CYP26A1 may be the major RA hydroxylase activity enzyme in the liver (53), we examined its localization by in situ hybridization in the liver of vitamin A-deficient and vitamin A-adequate rats treated with exogenous RA. For comparison, the frozen sections of the liver of the vitamin A-adequate control rats were also evaluated for the expression of RBP4 mRNA transcript, an abundant transcript and marker for hepatocytes (50) , and ␤-actin mRNA and ␣-SMA mRNA for nonparenchymal cells in the whole sections of the liver. Similar to the pattern of the qRT-PCR results, a faint signal for CYP26A1 was observed in the liver sections of vitamin A-adequate rats but no signal was apparent in those of vitamin A-deficient rats (Fig. 6A) . Upon treatment of rats with RA, signal intensity was markedly increased, limited to the hepatocytes, with more intensity in the liver of vitamin A-adequate than vitamin A-deficient rats (Fig. 6A) . CYP26A1 mRNA was more highly expressed in hepatocytes around rather than distal from the portal veins (Fig. 6A, ϩRA) and more uniformly in hepatocytes in all area of the liver in vitamin A-adequate, RA-treated rats. Signal was not observed in fibroblast-like cells around the portal vein, in endothelial cells around the space of Disse, or in the perisinusoidal region (Fig. 6B) or, as a control, when DIG-labeled sense RNA was used as the probe (Fig. 6A) .
It has been known for some time that plasma retinol-binding protein (RBP4) is synthesized in and secreted to plasma from hepatocytes (50) . Since RBP4 mRNA is highly expressed in the liver of adult control rats and its expression is not highly regulated by vitamin A (Ref. 50 and data not shown), we examined RBP4 in the liver sections of vitamin A-adequate rats (Fig. 6C) as a control marker for hepatocytes. RBP4 mRNA was highly expressed in hepatocytes throughout the liver, in which it exhibited a perinuclear and cytoplasmic distribution, but not in other cells including fibroblasts around the portal vein and bile ducts, endothelial cells, or stellate cells (Fig. 6C) . Again no signal was observed when sense RNA was used as the control probe (Fig. 6C) . Interestingly, when DIGlabeled ␤-actin antisense RNA probe was hybridized to liver sections of vitamin A-adequate rats it produced strongly intense signals around and away from the portal tracts (Fig. 6C , white arrow) and scattered throughout the liver in nonparenchymal cells, which may be stellate cells (e.g., Fig. 6C, black  arrow) . In addition, hepatocytes exhibited a fainter, more uniform signal barely above the level of the sense probe control (Fig. 6C) . In contrast, no signal was detected when DIGlabeled sense RNA was used as the probe. As a positive marker for nonparenchymal cells, an ␣-SMA riboprobe was used; this probe hybridized in the smooth muscle cells around portal vein areas (Fig. 6C, white arrows) , consistent with a previous report (29) .
DISCUSSION
The presence of several RA-responsive CYP genes in liver suggests that RA could be metabolized through multiple pathways. CYP26A1, the best-studied of the RA-metabolizing CYPs, and CYP26B1 have been shown to possess RA-4-hydroxylase activity against the all-trans isomer of RA (24), while we have recently shown (36) that CYP2C22, expressed nearly exclusively in liver, can convert all-trans-RA to polar metabolites when expressed in HEK293T cells. On the other hand, LRAT, which diverts retinol into retinyl esters, may indirectly regulate the concentration of RA by controlling the availability of retinol. The similar response patterns of CYP26A1, CYP26B1, CYP2C22, and LRAT to graded levels of dietary vitamin A under steadystate conditions along with the similar temporal patterns in response to acute administration of RA suggest that when RA builds up in the liver, whether as a result of vitamin A supplementation or because of the rapid uptake of exogenous RA (8, 21) , the mRNAs of all of these genes are substantially increased. It is presently not known whether the concomitant regulation of CYP26A1, CYP26B1, and CYP2C22 represents redundant mechanisms. From the present studies, CYP2C22 was the most highly expressed transcript in the basal state (CYP2C22 Ͼ CYP26B1 Ͼ CYP26A1 for vitamin A-adequate liver; Fig. 1 ), and its increase by RA was the longest lasting. The higher expression of CYP2C22 in vitamin A-marginal rats, in which the liver still contained some retinol, may suggest that retinol as well as RA helps to maintain the steady-state expression level of this enzyme. However, CYP26A1 showed the largest dose-dependent range to dietary vitamin A (vitamin A-deficient compared with control compared with supplemented groups; Fig. 1 ) as well as the greatest fold increase after oral RA (Fig. 3) . This suggests that CYP26A1 could function as an "emergency CYP," sensing and responding rapidly to elevations in RA. In the developing embryo, Fig. 6 . In situ hybridization analysis of CYP26A1, RBP4, ␤-actin, and ␣-smooth muscle actin (␣-SMA) mRNA transcripts in the liver of adult rats. Glass slides containing liver sections of vitamin A-deficient and vitamin A-adequate rats orally treated with either oil as vehicle or all-trans-RA for 6 h (A) or sections of VA-adequate rat liver (B, C) were first prehybridized and then hybridized to either digoxigenin-labeled sense or antisense RNA riboprobe of CYP26A1 (A and B) or RBP4, ␤-actin, or ␣-SMA (C). After washing, the slides were incubated first with alkaline phosphatase conjugated anti-digoxigenin antibody and then with phosphatase synthetic substrate as described in MATERIALS AND METHODS. The slides were washed and imaged under a digital microscope. In A, dashed circle surrounds a portal area where signal was more intense. In C, for ␤-actin, white arrow denotes signal around portal area and black arrow denotes signal scattered in what appear as stellate cells; for ␣-SMA, white arrows denote signal around portal areas and bile ducts. Scale bars: A, 100 m; B and C, 50 m.
CYP26A1 has been shown to tightly regulate the concentration of RA as is necessary for normal embryonic development (38) . On the basis of in vitro kinetic studies of several CYPs in human liver specimens, it was concluded that CYP26A1 is the major RAmetabolizing CYP in human liver (53) . RA clearance values by CYP26A1 have been estimated at 0.19 l/min (32) to 0.01 and 0.07 l/min (53), depending on the methods and assumptions used, with the overall conclusion that CYP26A1 represents the major RAclearing CYP in the human liver, especially at therapeutically achievable levels of RA. The CYP26A1 gene promoter region contains proximal and distal retinoic acid response elements (RAREs) that cooperatively increase CYP26A1 expression (22, 65) , and each of these elements has been shown to be functionally active in the liver (65) . The presence of these response elements provides a likely explanatory mechanism for the rapid, high-level response of CYP26A1 to RA that we have observed in vivo (Figs.  3-5) . Interestingly, the elevation of CYP26A1 mRNA in RAprimed rats was even faster than in naive rats (Fig. 5A) , although the total area under the response curves did not differ. The more rapid response of CYP26A1 in RA-primed rats suggests that prior retinoid exposure may modify the chromatin in a way that allows for a more rapid response to RA, and the Cyp26A1 protein expression and enzymatic activity analyses indicated a more rapid response to the 20-g test dose of RA in the RA-pretreated compared with naive rats (Fig. 5, B and C) . Although we do not know the mechanism at this time, a relaxation of chromatin leading to a more open, accessible gene after the first exposure to RA would be a plausible possibility, and an effect of this type has been observed for the CYP24 gene that is responsible for the 24-hydroxylation of vitamin D compounds (56) . The expression of nuclear retinoid receptors is probably not a limiting factor because among RAR␣, RAR␤, RAR␥, and retinoid X receptor (RXR)␣, only the expression of RAR␤ mRNA has been found to be lower in vitamin A-deficient than vitamin A-adequate rat liver (20, 68) and RAR␣, RAR␤, and RAR␥ were equally effective in inducing the CYP26A1 promoter in liver cells (65) .
Like plasma RBP4, which is majorly expressed in hepatocytes (50), CYP26A1 mRNA transcript is expressed essentially exclusively in hepatocytes in adult rats. However, unlike the RBP4 transcript, which is highly expressed even in the vitamin A-deficient state (50), the CYP26A1 transcript was barely detected in the hepatocytes of vitamin A-deficient as well as vitamin A-adequate rats. However, CYP26A1 mRNA was observed in the hepatocytes when rats were treated with RA. This transcript seems to be more highly expressed in periportal hepatocytes than in those nearer the central vein, probably because of the accessibility of RA from circulation. Although hepatocytes may have some capacity to synthesize RA, it has been reported that Ͼ90% of the RA content of the liver is contributed from plasma (21) . Plasma RA may provide a signal to the liver from peripheral tissue to control the metabolism of retinol for either storage as retinyl ester or secretion from hepatocytes bound to RBP4.
CYP2C22 appears to have a regulation pattern and cellular distribution similar to those of CYP26A1. Recently we showed (36) that CYP2C22 is exclusively expressed in the hepatocytes of rats and that the transcript is easily detectable in cells of the liver from vitamin A-adequate rats as well as being highly regulated by vitamin A and exogenous RA. This apparent colocalization raises unanswered questions about the functions of this CYP gene. For CYP2C22, the basal expression in vitamin A-adequate rats was much higher than for CYP26A1 or CYP26B1. Nonetheless, its expression was significantly reduced in vitamin A-deficient rats and increased in vitamin A-supplemented rats (Fig. 1) as well as by RA (Figs. 3 and 4) . CYP2C22 contains a functional RARE in its 5= upstream sequence, and the expressed protein was shown to be capable of metabolizing RA to polar metabolites (36) . The CYP2C family is best known for the metabolism of long-chain fatty acids, such as linoleic and arachidonic acid (4, 23, 40, 54) , and various xenobiotics including several clinically important drugs (14, 54) . Given the high level of CYP2C22 in rat liver, it might be a significant player in RA homeostasis. However, conversely, if CYP2C22 primarily metabolizes other substrates such as fatty acids or xenobiotics, then our results suggest that vitamin A nutritional status and RA treatment could have a significant influence on the metabolism of other substrates. Further studies are needed to clarify the relative affinity of RA for these various CYPs. Additionally, our results for POR, an electron donor to all CYPs (39) , suggests yet another possible means through which RA could augment CYP-mediated oxidative metabolism.
RA has been shown previously to act as a "feedback" inducer of LRAT mRNA and enzyme activity (45, 49, 67) . The temporal similarity in the regulation of LRAT and several CYPs suggests that a rise in the level of RA in the liver provides a signal not only for increased oxidation of RA but also for the diversion of retinol into retinyl ester. Overall, our data suggest a dual rheostatic mechanism in which RA concomitantly increases both LRAT, which diverts retinol away from oxidation, and several CYP enzymes with the capacity to metabolize the excess RA. The diversion of retinol by LRAT is also a mechanism for conserving retinol for later use, as retinyl esters are considered a major precursor that can be mobilized for RA biogenesis. Both the diversion of retinol and the oxidation of excess RA appear crucial for retinoid homeostasis. These mechanisms may protect the liver directly, and also protect extrahepatic tissues indirectly, from fluctuations in RA concentration that could perturb the expression patterns of many other genes that can also respond to RA.
